Introduction {#Sec1}
============

Flavanols are among the most important groups of secondary metabolites, due to their ubiquity, biological activities, nutritional value and food quality impact. They include the monomeric epicatechin (**1**), catechin (**2**), gallocatechin, epigallocatechin gallate, catechin gallate, oligomeric procyanidins (e.g. procyanidin B2 (**3**) and procyanidin B3 (**4**)), prodelphinidins, and polymeric proanthocyanins (Fig. [1](#Fig1){ref-type="fig"}). Condensed tannins are defined as oligomeric/polymeric flavanols with mass higher than 500 Dalton^[@CR1]^. This group of secondary metabolites is found in most of the plants, fruits, vegetables and beverages, and so every day we intake huge amounts of them by consuming wine, tea, cocoa, coffee, chocolate, berries, apples, nuts, dry fruits, mint, basil, etc.^[@CR2]--[@CR4]^. The first scientific works about tannins were focused on their utility in the leather industry^[@CR1],[@CR5],[@CR6]^, but today they are known and worldwide studied for their role in (a) human health^[@CR3],[@CR7],[@CR8]^, (b) plant physiology and defence^[@CR2],[@CR9]^ and (c) contribution to sensorial character of food, due to their astringent and bitter taste, or their ability to stabilise wine red colour^[@CR10]--[@CR14]^. Their properties depend on their chemical structure, such as degree of polymerisation, B-ring hydroxylation and C-ring configuration^[@CR15]--[@CR20]^. Centuries ago, the addition of $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_2$$\end{document}$ to a tannin extract was a key process in order to obtain better quality material for leather manufacturing^[@CR21]^. Today, $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_2$$\end{document}$ (E220) addition is permitted and regularly used in a wide range of food including wine, dried fruits and meat products, because of its preservative effects^[@CR22]^. However, $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_2$$\end{document}$ and sulfites are among the food allergens and the added doses are subject to legal limits^[@CR23],[@CR24]^.

A few years ago the monomeric epicatechin 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-sulfonated (**5**) and the dimeric procyanidin B2 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-sulfonated (**7**) were detected and quantified in wine^[@CR22],[@CR25],[@CR26]^, clearly deriving from the addition of $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_2$$\end{document}$ to flavanols. Together with sulfonated epigallocatechin, these three are the only sulfonated compounds that have been isolated and fully structurally characterised^[@CR26]--[@CR28]^, and they all belong to the *epi*- (2,3-*cis*) conformation. It was found that this sulfonation reaction in wine was favoured by ageing and higher than optimal storage temperature of the wine^[@CR22],[@CR25]^. Indeed, in aged wines the concentration of sulfonated flavanols was found to be much higher than in just-produced wines. The mechanism of their formation is still uncertain, but one reasonable hypothesis involves the acid-catalysed interflavanic bond cleavage of the polymeric tannins and/or oligomeric procyanidins that should then deliver these sulfonated derivatives (Fig. [2](#Fig2){ref-type="fig"}) as first and essential step^[@CR27]^. Acid-catalysed interflavanic bond cleavage is a naturally occurring process in wine tannins, since it is favoured by the wine acidic pH^[@CR29]--[@CR31]^. Phloroglucinolysis and thiolysis protocols take advantage of this interflavanic bond cleavage in order to quantify extension and terminal units, as well as to calculate the mean degree of polymerisation of condensed tannins^[@CR32]--[@CR34]^. To check if the sulfonation process in wine starts with the acid-catalysed cleavage of the polymeric proanthocyanidins, producing the intermediate electrophilic carbocation species at C(4) (**9** starting from **3** or **10** starting from **4** in Fig. [2](#Fig2){ref-type="fig"}), it is necessary to know what the true products of the reaction and the main kinetic parameters (reaction order, rate constant, activation energy) are; these information are largely lacking in the current literature^[@CR26],[@CR27]^.Figure 1Structure of monomeric flavanols **1**-**2**, dimeric flavanols **3**--**4** and their corresponding 4-sulfo analogues **5**--**6** and **7**--**8**. Figure 2(**A**) Proposed hypothetical mechanism for the production of 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-sulfonate **5** from interflavanic bond cleavage of procyanidin B2 (**3**); (**B**) production of 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-sulfonate **6** from interflavanic bond cleavage of procyanidin B3 (**4**). A different mechanism is required for the slower conversions **1** $\documentclass[12pt]{minimal}
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                \begin{document}$$\rightarrow$$\end{document}$ **5** and **2** $\documentclass[12pt]{minimal}
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                \begin{document}$$\rightarrow$$\end{document}$ **6**.

Another essential chemical feature of flavanol substrates, such as **1** and **2**, which has been largely overlooked, is the stereochemical consequence imposed by the thermal (pH-dependent) isomerisation processes, triggered by ring-C opening/reclosure after breakage of the O--C(2) bond and causing epimerisation at the chiral centre C(2). In fact, (−)(2R,3R) epicatechin (**1**) can be thermally converted (at least partially) through this process into (2S,3R)(−) catechin (*ent*-**2**) whilst, in turn, ($\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$)(2R,3S) catechin (**2**) can be converted into (2S,3S)($\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$) epicatechin (*ent*-**1**) (Fig. [3](#Fig3){ref-type="fig"})^[@CR35]--[@CR37]^.Figure 3Top: acid-induced C(2) epimerisation of (−) epicatechin (**1**) leading to *ent*-**2** and/or, in presence of hydrogen sulfite, epicatechin ring-C opened sulfonates (**12**); Bottom: acid-induced C(2) epimerisation of ($\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$) catechin (**2**) leading to *ent*-**1** and/or, in presence of hydrogen sulfite, catechin ring-C opened sulfonates (**14**).

Whether this process occurs in a similar timescale as the sulfonation process or whether the ring opening occurs by acid induced processes, it is clear that sulfonation of epicatechin should lead to epicatechin- and *ent*-catechin-sulfonated derivatives and similarly, sulfonation of catechin should lead to both catechin- and *ent*-epicatechin-sulfonated derivatives. Moreover, the ring-C opened carbocationic intermediates (**11** and **13** in Fig. [3](#Fig3){ref-type="fig"}) involved in the C(2) epimerisation are not only able to produce the corresponding epimer, but also to be captured by any nucleophile (e.g. $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_2$$\end{document}$) affording a 1-sulfo-2-hydroxy propyl moiety linked to ring A and B^[@CR26],[@CR38]^. Actually, sulfonation processes carried out at high temperatures (favouring epimerisation) lead to ring-C opened C(1)-sulfonated end products (top and bottom products in Fig. [3](#Fig3){ref-type="fig"}). Thus, regio- and stereochemistry must be carefully considered in any kinetic investigation of flavanols, because they allow to obtain relevant information on the mechanistic details of the process. To our knowledge, no epicatechin or catechin enantiomers (*ent*-**1** and *ent*-**2**) were found in wine, but their detection in wine analysis is difficult in the absence of chiroptical tools.

Further complexity in these kinetic studies is given by the new chiral center produced at C(4) after sulfonation. Since the nucleophilic $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {HSO}_3^-$$\end{document}$ species (or the sulfur-centred radical anion $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_3^{\cdot -}$$\end{document}$) can add to the same or the opposite side of HO-C(3), two different diasteroisomeric products should be obtained on addition to epicatechin-based flavanols and also two diasteroisomeric products from catechin-based ones. Recently, we reported that the stereospecificity of this attack on epicatechin-based flavanols^[@CR26]^ causes the addition of the sulfo-group at C(4) in a *trans* stereochemical relationship ($\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$ oriented in the mean plane of ring C) to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha$$\end{document}$ oriented HO--C(3), thus leading to (2R,3S,4R)-4-sulfoepicatechin (**5**) or 4$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta$$\end{document}$-sulfoprocyanidin B2 (**7**).

Differently from 4-sulfonated epicatechin flavanols, which were only recently investigated^[@CR22],[@CR28]^, no previous studies have been reported on the stability and the relative stereochemistry of 4-sulfonated catechin analogues. Thus, we have also focused our attention on the kinetics of formation of the sulfo-derivatives of catechin (**2**) and procyanidin B3 (**4**). More generally, the aim of this work was to carefully evaluate the kinetic parameters of the sulfonation processes of monomeric (**1** and **2**) and dimeric flavanols (**3** and **4**) at different pH values, paying attention to the above outlined stereochemical aspects and side reactions prone to work in these conditions.

Indeed, we now have strong evidences of the production (although at lower specific rate) of both **5** and **6** starting from their respective monomers **1** and **2**, besides the already known monomeric sulfonation starting from substrate **3** and the newly discovered starting from **4** (Fig. [2](#Fig2){ref-type="fig"}). This outcome clearly indicates that other pathways, besides the quenching of the electrophilic carbocation intermediates **9** or **10** by the nucleophilic $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_2$$\end{document}$ species, must be considered.

Results and discussion {#Sec2}
======================

Kinetics of sulfonation processes of monomeric flavanols **1** and **2** {#Sec3}
------------------------------------------------------------------------

Epicatechin (**1**) was found to produce mainly epicatechin $\documentclass[12pt]{minimal}
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                \begin{document}$$4\beta$$\end{document}$-sulfonate (**5**) (Fig. [2](#Fig2){ref-type="fig"}A) but not sulfonated open ring-C forms (Fig. [3](#Fig3){ref-type="fig"}). Actually, the extracted ESI(−) mass chromatogram of the anion at m/z 369.03 (expected for the molecular formula of a monomeric sulfoderivative $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {C}_{15}\hbox {H}_{13}\hbox {O}_9\hbox {S}^-$$\end{document}$) showed the presence of two minor isobaric species, besides the major **5**, at different retention times (Supplementary Fig. [S1](#MOESM1){ref-type="media"} online). MS/MS measurements on this isobaric ions allowed us to propose the presence of sulfonated products at ring B ($\documentclass[12pt]{minimal}
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                \begin{document}$$\sim 15\%$$\end{document}$ of the major **5** at pH 3); worth of note, the presence of ring-B sulfonated products becomes comparable to the major **5** at pH 4. We describe here only the kinetics of formation of **5**, because the formation of the other isomers was so slow to be difficult to detect at lower temperature and in any case difficult to quantitate also at higher temperature.

The time-dependent conversion of product **5** was followed for several days both in solution buffered at pH 3 (Fig. [4](#Fig4){ref-type="fig"}a) and at pH 4 (Fig. [4](#Fig4){ref-type="fig"}b) by ESI/MS quantitative measurements. The reaction progress was monitored at five different temperatures within the range $\documentclass[12pt]{minimal}
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                \begin{document}$$23\hbox {-}60\, ^\circ \hbox {C}$$\end{document}$ in order to evaluate the corresponding activation energy (Supplementary Fig. [S2](#MOESM1){ref-type="media"} online). Measurements at temperatures outside this range were avoided because (i) below $\documentclass[12pt]{minimal}
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                \begin{document}$$23\, ^\circ \hbox {C}$$\end{document}$ the progress of the reaction was found to be so low that products were undetectable and (ii) above $\documentclass[12pt]{minimal}
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                \begin{document}$$60\, ^\circ \hbox {C}$$\end{document}$ thermally induced epimerisation at C(2) become quite significant^[@CR26],[@CR39]^, thus making data analysis too complex.Figure 4Comparison of the different temperature kinetics of epicatechin 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-sulfonate (**6**) formation starting, respectively, from epicatechin (**1**) (**a, b**) and catechin (**2**) (**c, d**) at pH 3 and 4. R$\documentclass[12pt]{minimal}
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                \begin{document}$$^2$$\end{document}$ coefficients can be found in Supplementary Table [S3](#MOESM1){ref-type="media"} online.

The rate constant of the process **1** $\documentclass[12pt]{minimal}
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                \begin{document}$$\rightarrow$$\end{document}$ **5**, at fixed pH and temperature values, was evaluated on the basis of two main considerations/assumptions:The sulfonation of **1** was considered a pseudo first order process since $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {HSO}_3^-$$\end{document}$ was used in large molar excess (50:1) with respect to **1** in all our experiments; this leads to the working equation $\documentclass[12pt]{minimal}
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                \begin{document}$$[\mathbf{1} ]_t = [\mathbf{1} ]_0 (exp\{-k_{obs} * t\})$$\end{document}$; but, being at all times $\documentclass[12pt]{minimal}
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                \begin{document}$$[\mathbf{1} ]_0 = [\mathbf{1} ]_t + [\mathbf{5} ]_t$$\end{document}$ it follows $\documentclass[12pt]{minimal}
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                \begin{document}$$[\mathbf{5} ]_t = [\mathbf{1} ]_0 (1-exp\{-k_{obs} * t\})$$\end{document}$ where $\documentclass[12pt]{minimal}
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                \begin{document}$$_3^-]_0$$\end{document}$.Due to the very low conversion of **1** to **5** ($\documentclass[12pt]{minimal}
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                \begin{document}$$k_{obs} * t \ll 1$$\end{document}$, the time-dependence of the formation of **5** can be further simplified to $\documentclass[12pt]{minimal}
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                \begin{document}$$[\mathbf{5} ]_t = [\mathbf{1} ]_0 * k_{obs} * t$$\end{document}$; thus the overall process becomes zero order in \[**1**\]$\documentclass[12pt]{minimal}
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                \begin{document}$$_t$$\end{document}$ giving a linear time-dependent relationship and allowing to define the simple working equation: $\documentclass[12pt]{minimal}
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                \begin{document}$$\% conversion = 100 * [\mathbf{5} ]_t / [\mathbf{1} ]_0 = k_{obs} * t$$\end{document}$.Basically, $\documentclass[12pt]{minimal}
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                \begin{document}$$k_{obs}$$\end{document}$ is expressed in SI time units \[s$\documentclass[12pt]{minimal}
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                \begin{document}$$_{obs}$$\end{document}$ is only a phenomenological kinetic parameter giving a quantitative measure of the timescale of these processes, but cannot be used to derive mechanistic considerations. However, it is very useful to have an estimate of the fate of flavanols and their oligomeric analogues (procyanidins, tannins, etc.) in the usual wine storage temperature/pH conditions. The values of these rate constants at different pH/temperature (and their errors estimated by linear regression parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\rightarrow$$\end{document}$ **5** were evaluated using the above mentioned equation and are reported in Table [1](#Tab1){ref-type="table"}, together with the corresponding activation barriers (E$\documentclass[12pt]{minimal}
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As observed above in the **1** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rightarrow$$\end{document}$ **5** conversion, also in the investigation of the process **2** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rightarrow$$\end{document}$ **6** the extracted ESI(−) mass chromatogram of the anion at m/z 369.03 (C$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_{15}\hbox {H}_{13}$$\end{document}$O$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_9$$\end{document}$S$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Our proposal of a plausible route to 4-sulfonated derivatives from monomeric flavanols is outlined in Fig. [6](#Fig6){ref-type="fig"} for the reaction **1** $\documentclass[12pt]{minimal}
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                \begin{document}$$\rightarrow$$\end{document}$ **5**. In our view, a preliminary (possibly rate-determining) oxidation step is required to generate the quinone-methides **15**. The resonance zwitterionic hybrids (on the right in Fig. [6](#Fig6){ref-type="fig"}) of the spin-paired *p*-quinone or *o*-quinone methides (on the left in Fig. [6](#Fig6){ref-type="fig"}) could also play a role. Of course, the issue here is that the chemical species that could play the role of oxidant required in the first step are not known. We advance here the hypothesis that the sulfite radical anion $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_3^{\cdot -}$$\end{document}$ radical is a sulfur-centred radical which can act as an oxidant or reductant and, like most other radicals, may engage in hydrogen abstraction leading to quinone methides **15** or addition to double bonds leading to **5**. Preliminary data in our hands clearly demonstrated that in the presence of butylated hydroxytoluene (BHT), a well known radical scavenger, the conversion percentage of **5** becomes significantly lower than that observed in untreated reaction systems (for epicatechin, the conversion decreased by 40% at pH 3 and $\documentclass[12pt]{minimal}
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                \begin{document}$$60\, ^\circ \hbox {C}$$\end{document}$), thus a radical route cannot be ruled out.Figure 6Proposed mechanism for the sulfonation of epicatechin **1**.

As underlined in the introduction section, kinetic investigations dealing with the sulfonation of monomeric flavanols cannot neglect the competitive processes affording the isomerisation products^[@CR41]^, whereby **1** is converted in *ent*-**2** and **2** is converted in *ent*-**1** (Fig. [3](#Fig3){ref-type="fig"}). Since MS data are not sensitive to the absolute configuration of **1** (= *ent*-**1** ) or **2** (= *ent*-**2**), our chromatographic run allows to follow, besides the formation of their sulfo-derivatives **5** (or **6**) also that of their isomers *ent*-**2** (or *ent*-**1**) as **2** (or **1**) themselves. Luckily, since **1** and **2** have different retention times in our chromatographic conditions, we had the opportunity to evaluate whether and to what extent this isomerisation process occurs. Actually, the observed rate constants of isomer formation were found to be quite small even at the highest investigated temperatures but clearly not negligible with respect to the formation of the sulfo-derivatives **5** and **6** (Supplementary Table [S1](#MOESM1){ref-type="media"} online). Indeed, for the process **1** $\documentclass[12pt]{minimal}
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                \begin{document}$$60\, ^\circ \hbox {C}$$\end{document}$) the former was found to be even significantly higher (1.2 fold change) than the latter. The overall kinetic barrier of isomerisation was found to be slightly higher ($\documentclass[12pt]{minimal}
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                \begin{document}$$\rightarrow$$\end{document}$ *ent*-**2** conversion, but dealing with a single step first order process, this could simply reflect the higher thermodynamic stability of catechin over epicatechin due to the more stable *trans*-diequatorial position of the substituents at C(2) and C(3) on the former. The overall quality of our kinetic data (mainly in term of reproducibility) does not allow to dissect the $\documentclass[12pt]{minimal}
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                \begin{document}$$^\ddagger$$\end{document}$ values of these isomerisations into enthalpic and entropic relative contributions, but it is largely expected that, since **11** and **13** are key intermediates in the isomerisation mechanism of **1** and **2** (Fig. [3](#Fig3){ref-type="fig"}), this process should be $\documentclass[12pt]{minimal}
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Kinetics of sulfonation processes of dimeric flavanols **3** and **4** {#Sec4}
----------------------------------------------------------------------

In order to compare the rate and overall yield of the sulfonation processes of dimeric flavanols **3** and **4**, we followed the same approach as outlined above for the monomeric **1** and **2**, carrying out the LC-MS measurements at different times, pH and temperature values of the sulfonation processes of **3** $\documentclass[12pt]{minimal}
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                \begin{document}$$\rightarrow$$\end{document}$ **6** (Fig. [7](#Fig7){ref-type="fig"}). Worth of note, only traces or very low concentration of the sulfonated dimers **7** and **8** were detected in our LC-MS measurements (Supplementary Fig. [S3](#MOESM1){ref-type="media"}, [S4](#MOESM1){ref-type="media"} online), pointing out that acidic interflavanic bond cleavage of **3** and **4** is much faster than their sulfonation (Fig. [2](#Fig2){ref-type="fig"}). This outcome could also explain why epicatechin 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-sulfonate is the major sulfonated flavanol found in wine (Supplementary Fig. [S5](#MOESM1){ref-type="media"} online), since epicatechin is the predominant extension unit in tannins^[@CR42]^. The comparison indicates quite similar specific rates for the process **3** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rightarrow$$\end{document}$ **5** and **4** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rightarrow$$\end{document}$ **6** but they are very different from those observed in the corresponding monomeric flavanols (**1** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rightarrow$$\end{document}$ **5** and **2** $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rightarrow$$\end{document}$ **6**). In the proposed plausible mechanism^[@CR27]^, the breakage of the C(4)-C(8) link in **3** (or **4**) is the rate-determining step leading to monomeric **1** (or **2**) through the C(4) carbocations **9** (or **10**), as oulined in Fig. [2](#Fig2){ref-type="fig"}. Since for dimeric flavanols the % conversion into **5** (or **6**), during the reaction time, was not negligible with respect to starting reactants **3** (or **4**), we assumed a pseudo first order kinetics model based on the simple equation $\documentclass[12pt]{minimal}
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                \begin{document}$$[\mathbf{5} ]_t = [\mathbf{3} ]_0(1-exp\{(-k_{obs} * t\})$$\end{document}$. There are two hypothesis/approximations in this approach. The first one deals with the mass balance of the reacting substrate (**3** or **4**) that we assume could afford only unique sulfonated products (**5** or **6**). The second one is based on the assumption that monomeric flavanols themselves (**1** or **2**) cannot be subjected to further sulfonation in the reaction system. We are confident that the second condition is largely fulfilled since the sulfonation of monomeric flavanols is much slower than that of dimeric flavanols, i.e. the detected sulfonated products **5** or **6** can be considered as deriving only from reacting dimers and not from **1** or **2** in our reacting system. The first one is a more subtle hypothesis, but we have experimental evidence (see Supplementary Fig. [S1](#MOESM1){ref-type="media"} online) that other isobaric sulfonated products, detected in the sulfonation of monomeric flavanols, are not present in the reacting mixture.Figure 7Comparison of the different temperature kinetics of epicatechin 4$\documentclass[12pt]{minimal}
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By knowing the initial concentration of procyanidins \[**3**\]$\documentclass[12pt]{minimal}
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Conclusions {#Sec5}
===========

Our kinetic investigation of the sulfonation of monomeric and dimeric flavanols in a wine-model reacting system, has allowed us to obtain a reliable estimate of pH- and temperature-dependence of the rate constants, not only of this process, but also of several competitive processes occurring in wines. In particular, we found that direct sulfonation starting from catechin and epicatechin is possible, even if the process is slower when compared to the corresponding one starting from procyanidins; the latter, no matter the type of monomeric units they are built from, are subject to extensive interflavanic bond cleavage, sulfonation and monomer isomerisation processes whose relative contribution to their overall disappearance was carefully evaluated by quantitative LC/MS measurements for the first time in this study. With these data in hand, it seems that sulfonation occurs as competitive process, along the generally accepted path of procyanidins acidic-catalysed interflavanic bond cleavage relying on fast/reversible protonation of hydroxyl on ring A in the terminal unit followed by a rate-determining step leading to a planar carbocation at C(4) of the upper flavanol unit. However, the high $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SO}_2$$\end{document}$ to C(4) seems difficult to explain assuming a planar carbocation as key intermediate. Actually, the existence of this intermediate along the reaction path has never been proved, not even in pure hydrolytic processes; surely, any role of this intermediate in the sulfonation of monomeric flavanols must be ruled out. Moreover, our data show a completely different dependence of the kinetic barrier of the sulfonation processes of monomeric and dimeric flavanols, where the former results under activation entropy-control whilst the latter under activation enthalpy-control, a clear indication of different reaction mechanisms. A plausible mechanistic proposal for the sulfonation of monomeric flavanols is here also proposed. This new knowledge provides essential information in order to better understand tannin chemistry in food and predict or model the chemical/sensorial behaviour of wine or other food rich in proanthocyanidins.

Methods {#Sec6}
=======

All the reactions took place in 2 mL HPLC amber vials so it was possible to analyse them directly through UPLC-DAD-QTOF-MS. The initial concentration for all the reaction were (0.35 ± 0.01) mM, for epicatechin and catechin, (0.039 ± 0.001) mM for procyanidin B2 and (0.043 ± 0.002) mM for procyanidin B3. The concentrations were chosen to be close to the typical wine concentration. The model wine solution was prepared with purified Milli-Q water, 5$\documentclass[12pt]{minimal}
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                \begin{document}$$\%$$\end{document}$ ethanol, and 1642 mg/L sodium metabisulfite, while the pH was adjusted with formic acid. Sodium metabisulfite was added in molar excess with respect to the flavanols ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim$$\end{document}$1:50 for monomers, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$60\, ^\circ \hbox {C}$$\end{document}$). The same set of reactions were repeated as control without the addition of sodium metabisulfite, thus 80 runs were investigated. Finally, for the sodium metabisulfite reaction four vials were prepared, filled up at maximum, for each epicatechin and catechin reaction, and three vials for each procyanidin B2 and procyanidin B3 reaction. One vial from each reaction was analysed at the end of the experiment, while all the others were analysed at time zero and at least four more times during the 14 days of each experiment. Two vials were prepared for each control reaction and they were analysed at least four times during the 14 days of each experiment. The reactions were monitored by a Waters Acquity UPLC coupled via an electrospray ionisation (ESI) interface to a PDA Acquity detector and a Synapt HDMS QTOF MS (Waters, Manchester, UK) operating in W-mode and controlled by MassLynx 4.1, according to previously described parameters^[@CR25],[@CR44]^. Before going to the mass spectrometer, the injected samples were passing through the Photodiode Array (PDA) detector cell, which was able to acquire their UV spectra from 210 to 490 nm (resolution 1.2 nm and sample rate 10 points/s).

Extra samples with BHT addition were prepared, using BHT in the same molar excess conditions as sodium metabisulfite, and analysed with the same described method; data were compared between same temperature, pH and elapsed time. Calibration curves were constructed for each standard at eight to ten concentration levels (approximately from 0.2 to 200 mg/L) by using the mobile phases (95$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-sulfonated.

MS/MS measurements were carried out on the same UPLC-QTOF-ESI(−)MS/MS system, using the initial quadrupole to isolate the target ions at m/z 369.03 and the TOF-MS as ion analyser; instrumental parameters were adjusted in order to achieve the best fragmentation pattern.

Data analysis was made by using Arrhenius and Eyring models, the graphs were made with Matlab and Microsoft Excel.
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Molecular mechanics calculations on compounds **1**, **2**, **5** and **6** were carried out by GMMX (implemented in Gaussian 16 suite of programs) both in optimisation and in conformer search mode; from the latter we were able to determine the most stable conformations of the studied molecules and their relative population distribution. Alternative epimers at C(4) of **5** and **6** were also investigated.
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